Background and purpose: This paper presents a case study in simulation of process governing leachate occurrence and subsequent transport, and investigates its migration away from the landfill to control environmental adverse effects on a deep aquifer.
Introduction
Economic and social considerations including rapid urbanization, increasing population levels, the rise in the community living standards, and booming economy have greatly made acceleration in the municipal solid waste generation rate (17) . Municipal solid waste collection and management is an issue of critical importance facing city planner's worldwide (23) . The problem is an increasing burdensome challenge in developing countries, where lack of adequate resources and environmental technologies along with urbanization and poor planning contribute to the inefficient and uncontrolled solid waste management (16) . In both industrial and developing countries, landfills have historically been considered as a final way to store waste at minimum cost. Therefore, landfilling is the most common waste management solution to storage and process of waste generated by increasing urbanization of humans and industries (10) . When landfilling, leachate is formed, mainly due to the rainwater infiltration through the refuse tips. In other words, leachate is the result of water contact with the solid waste. Leachate generation and management have currently become as one of the major environmental problems associated with the operation of sanitary landfills, because the subsequent migration of liquid wastes away from landfill boundaries can cause notable contamination issues by releasing to the adjacent environments, such as surface waters, ground, and soil, therefore liquid wastes are considered major pollution hazards to public health and safety unless precautionary measures are applied (22) . The aim of the present research was to investigate leachate occurrence and subsequent transport, and its migration away from the landfill, and its adverse effects on a deep aquifer of Bahar and adjoining Plain by simulation process based on the finite difference technique. The landfill examined in this study was an area of 240 ha and received 500 ton/day of solid waste.
Materials and Methods 2.1. Study area
Municipal solid waste of Hamedan plain, once the site of hydrogeological units of Hamadan, is located 20 km north east of Hamedan. Since the beginning of its operation, it has been planned for development over an area of 240 ha. From the viewpoint of geographical location, the study area lies within the longitude range of 34° 57' 21" to 34° 58' 17'' and latitude range of 48° 35' 50" to 48° 37' 94". The study area is bounded by Hamedan-Tehran road from the north, Hamedan plain from the North East, Nehran village from the south, and finally Ghatargoni Mountains from the West. Currently, it receives about 500 ton/day and 5 ton/day of household and hospital produced wastes, respectively in Hamadan, Bahar, and Jurghan. These solid wastes are accumulated in an ordinary and infectious specified disposal sites in the natural earth morphology irrespective of sanitary landfilling considerations including creating proper infrastructure and basic preliminary and final impermeable coverage ( Figure 1 
Hydrological characteristics of the study area
A reconnaissance survey of the study area revealed that relatively horizontal conglomerates cover Qom formation with moderate degree of consolidation (14) . Based on previous studies (21), a borehole with a depth of 10 m has been excavated in the west of the mentioned landfill in order to subsurface explorations. The log investigation revealed that thickness of the alluvial deposits on top of the conglomerate is about 4.4 m (Figures 2 and 3 ). The study area is composed of a shallow aquifer in quaternary alluvial deposits, which is segregated from a deep aquifer via a low permeable conglomerate unit. In fact, the deep aquifer has been formed in the limestone bedrock and its thickness is expanding toward West (Hamedan plain). The advent of spring and subsurface water depletion are only observed in positions with conglomerate layer which appears at earth surface (1, 21).
Methodology
Performance of MODFLOW and MT3DMS codes Three-dimensional groundwater transfer in porous media can be described utilizing the following partial differential equation in the MODFLOW family codes:
Where x, y, z (m) are the principle coordinate axes of the system, , , (m/s) are the principle hydraulic conductivities, W (1/s) is the volumetric heat flux per unit volume and represents sources or sinks of water,
(1/s) is the specific storage, h (m) is the hydraulic head, and t (s) represents the time. Equation (1) characterizes the flow along three orthogonal axes in heterogeneous and anisotropic aquifers. For MODFLOW code, a three-dimensional finite difference grid system was formed by simple blocks. Figure 4 demonstrates a spatial discretization of the aquifer system, which is formed by blocks. Hence, an (i, j, k) coordinate system that is a compatible computer array was applied. Cell (i, j, k) and its six adjacent cells and indices in an aquifer are depicted in Figure 4 . Based on Darcy's law, the flow rate from cell (i, j-1, k) into cell (i, j, k) in the row direction is defined as follows (6) Where , − 1 2 , (m 3 /s) is the flow rate through the face between cells (i, j, k) and (i, j-1, k), . − 1 2 . (m/s) is the hydraulic conductivity in the entire region between nodes of (i, j, k) and (i, j-1, k), ∆ − 1 2 (m) is the distance between nods of (i, j, k) and (i, j-1, k). Similarly, Equation (2) can be written for the flow rate into or out of the cell via the remaining five faces specified in Figure 4 . This equation is simplified by combination of network dimensions and hydraulic conductivity coefficients as follows (6):
Where . − 1 2
. (m 2 /s) is the conductance in row i and layer k between nodes of (i, j, k) and (i, j-1, k). . Cell (i, j, k) and its six adjacent cells and indices in an aquifer (6) In MODFLOW mathematical code, flow from the outside of the aquifer is expressed using Equation (4) (6): Figure 5 , which is characterized by two specified time values on the horizontal axis and their corresponded head values on the vertical axis. When analyzing Equation (7), tm (s) is defined as the water level value in the nodes i, j and k with ℎ . . corresponding head value and time interval extending backward as much as Δtm changes the corresponding head value from ℎ . . to ℎ . . −1 . Therefore, the Equation (7) is introduced in the backward difference approximation technique (6):
Figure 5. Finite difference approximation in backward technique (6) Backward finite difference relationship is considered as a fundamental correlation for simulation of groundwater partial derivatives via substituting the Equation (7) in Equation (6) (6). According to Equation (7) , due to the end of the time step and seven unknown head levels at time tm that are to be predicted, there is no possibility of independent solution. In an additional effort, computational modeling converts the set of parameters of Equation (7) into "n" number equations in "n" unknown parameters by identifiable solution of these equations for all network active cells. Cells activation in the initial modeling employing conceptual model, which is a favor of current research, requires accuracy in data entry and adequate selection of modeling approaches. Therefore, the conceptual model must converge in its initial implementation. Then, the leachate transfer from surface is simulated using MT3DMS 
Where  (dimensionless) is the porosity, (dimensionless) is the concentration of the soluble of pollutant k, (dimensionless) is the tensor of the hydraulic dispersion coefficient, t (s) is the time, xi and xj (m) are the principle distances on the Cartesian system, (m/s) is the velocity of the water flow in porous media or the Darcy velocity, (m 3 /s) is the volumetric flow rate per unit volume of the aquifer, (dimensionless) is the concentration of the pollutant k in the flow in borehole and spring, and ∑ is the chemical reaction unit. With respect to the Equation (8), simulation of the transfer model is only calibrated on a groundwater flow quantitative model. In accordance with the minimal statistical bias of parameters affecting the flow rate and considering the most accurate conceptual convergent model, the transfer model calibration is more probable (31) .
Model conceptualization of geological structure
Over the past few years, nine boreholes have been excavated with a total height of 827 m in Hamedan plain. Table 1 gives information about excavated logs utilized in the final solid production (18) . Based on the maps characterizing the surface geological layers of the study area (11, 14) , the information of each excavated borehole was justified regarding the significance of upper layers in direct contact with the waste disposal sites. . Solid structure and its composition in boreholes (11, 14) The Grid definition is only credible in the areas adjacent to the Hamedan waste disposal sites toward the areas contacting the aquifer. The existence of layers with a maximum thickness of 3 m and an average depth of 13 m in geological structure necessitates the determination of at least five horizontal layers within the landfill for Grid mathematical model (5) . Horizontal hydraulic conductivity parameter was previously estimated at each point using the contour lines with transfer susceptibility after interpolation by Krijing approach in Grid and considering aquifer saturation thickness using pumping experiments and reconnaissance surveys of Geological and Regional water departments. The storage coefficient values were also calculated (Equation (8)) in the form of krijing interpolation of counter lines in Grid Parameters, which were then directly transferred to Grid using Solid structure ( Figure 10 ). The average vertical hydraulic conductivity of each ingredient was obtained in accordance with its composition (12, 19) . The parameter was then estimated in alluvial materials for each ingredient based on Harlman equation and effective particles size (D10). Vertical hydraulic conductivity was found to be equivalent to the 0.1 of the horizontal hydraulic conductivity in the mass center of the non-alluvial materials (24,2).
Results

Conceptual model
Taking into account the penetration of 20% of the overall surface of the aquifer, the volume of recharge water is annually equivalent to 31.4310 6 m 3 . Considering the evaporation rate, the water volume which returns to the ground was estimated to be 21765.29307 m 3 /day (30%) in the agricultural applications and 21461.93102 m 3 /day (45%) in the urban purposes, respectively. For transient modeling of leachate transfer toward the deep bed aquifer, 20% penetrated rainfall water was added to the total of returned water to the ground. In the study area, drainage network consists of seasonal and permanent rivers with the importance priority belonging to the Abshineh River. Considering the specific hydrometric information of daily and peak flow rates within the study range, the primary guesstimate of the bed thickness, and transfer susceptibility of bed material, this element was added to the conceptual model with the nature of river (31) . 456 exploitation and 12 observational boreholes were also defined in the conceptual model. The boundary conditions were then implemented in accordance with counter and flow lines.
Model calibration
Calibration necessity was determined regarding the sensitivity of MT3DMS qualitative modeling and its dependency on the simulation accuracy in quantitative part of the flow (Eq. (8)). Inverse modeling process was also performed by introducing uncertain parameters applying PEST automated method (7) . In this way, the model was characterized using the key number -200 and 36 pilot points with the same point's distribution across the range of minimum and maximum initial guess of horizontal hydraulic conductivity parameter. In addition, the initial estimation about vertical hydraulic conductivities were characterized within the range of minimum and maximum of more and less than one second of initial value by defining a unique key number for each of the solid structural materials (Tables 2 and 3 ). To verify the calibration step, demonstration of the relative error (RMS) and the graph of the correlation between the observed and computed values are given in (15) . In dispersion, the ratio of the horizontal to vertical dispersion (TRPT) and the ratio of the vertical to longitudinal dispersion (TRVT) within the aquifer were considered 1 and 0.1, respectively based on the information given in similar studies due to the lack of adequate data in the study area. The diffusion coefficient of main groundwater ions was then determined to be 1.5×10 -9 m 2 /s (27) , which was used as diffusion coefficient in contaminant transport model (13) . The method of Characteristics (MOC) is very effective in the elimination of numerical dispersion in severe convection problems.
Third order TVD method, which is implemented by the overall current determinative, minimizes both numerical dispersion and artificial volatility. When the numerical dispersion not poses a major problem, and in cases where a network model is suitable or physical distribution is great, standard finite element method can be used more frequently (31) . Accordingly, in the current study, the advection package of Standard Finite Difference Method was exerted. In a depleted environment, among the three types of absorption isotherms of Linear, Freundlich, and Langmuir, the first one was selected (30) . Furthermore, chemical reactions were utilized in order to affect the chemical reactions in the study area. Considering the biodegradation factors, isothermal linear equilibrium (First-Order Irreversible Rate Reaction) method was also used in the present model (Table 4 ) (29, 13) . Based on the key results, pollution transfer modeling using MT3DMS code was found to be highly dependent on the calibration of the code MODFLOW model without the statistical bias of effective parameters on flow rate indicating that large-scale simulation is only run in the case of applying the primary three-dimensional and converged conceptual model. Changes in the numerical values of pilot horizontal hydraulic conductivity in the sensitivity analysis graphs claim about the effect of the boundaries with the dynamic flow in the West region of the study area (the aquifer) on the reduction of the overall level of groundwater modeling error ( Figure 13 ). In cases with an insufficient number of exploratory cores, the conceptual geological model preparation based on the Solid justification method will then be effective if there is sufficient number of Grid horizontal layers. Deep boreholes pollution adjacent to the waste disposal site within the city of Hamadan was not reported for benchmark indices, such as TDS or the indices without geological origin. The probability of existed pollution could therefore be attributed to the landfill area, which is located in the seasonal aquifers, and surface water flooding and its transformation through the feeding centers like springs across the plain. Based on the sampling experiments conducted in the boreholes around the Hamadan waste disposal sites, TDS index was reported in a standard level of Environmental Organization for deep boreholes; however, contamination was reported for the shallow boreholes (The upper unconfined aquifer) (21) . In addition to TDS index, chloride index was applied as a benchmark, due to the lack of geological origin indicating that overstandard pollution was only observed in manually excavated and shallow boreholes near the waste disposal site. Hence, overstandard pollution was not observed in deep boreholes, as it was not reported in the previous papers. Although the assessment of groundwater pollution into the heavy elements revealed that all samples were contaminated with some elements, this contamination of samples can be attributed to the different origins from waste disposal sites, such as surface water flooding into groundwater through recharging areas.
The results of the present study indicated that the study area composed of a shallow quaternary aquifer in alluvial sediments, which was distinguished from deep aquifer by a low permeable conglomerate unit. In fact, the deep aquifer was constructed in the limestone bedrock whose thickness gradually increased toward the west. So, the leachate movement and expansion were inhibited into the main semi-confined aquifer. Only in cases where the surface flow flooding and severe rainfall occur, leachate migrates to the aquifer recharging streams. In quantitative aquifer modeling, the fixed and distinct amounts of Flow Budget ID were allocated to each five horizontal layers. Hence, the hydraulic exchange of each layer was determined based on its lower and upper layers ( Table  5 ). According to the overlay transfer of Solid characteristics to Grid, layers arrangement was consecutive thus enabling hydraulic exchange only by lower and upper layers. The results of the Flow Budget engine execution showed that despite the hydraulic exchange between different layers, this transaction does not take place due to the relatively impermeable formations in the area surrounding waste disposal sites, so the Grid cells will be in the nature of Dry. Therefore, the major contaminant transport toward the main aquifer was considered zero in the modeling process ( Figure 14) . A statistical summary of all areas defined in the Flow Budget indicated that the majority of volume within the study area was recharged from dynamic boundaries regarding structural issues rather than direct feed from the surface (Figure 15 ), which could be considered as the main cause of results in the current research (4). 
Conclusion
Based on the results of the study, geological structure of the landfill area had the greatest influence on the development of leachate pollution of municipal solid waste in traditional disposal sites. The spread of pollution to the deep aquifer near the waste disposal site was also found to be practically inhibited by an impermeable conglomerate layer in the municipal waste disposal. Deep boreholes pollution adjacent to the waste disposal site within the city of Hamadan was not reported for benchmark indices, and the probability of existing pollution was attributed to the landfill area, which is located in the seasonal aquifers, and surface water flooding. Also, the proximity of the landfill to the villages specified the necessity of further studies on the contamination of surface and subsurface resources. The results of the current study postulated that the study area was hydrogeologically composed of a shallow quaternary aquifer of alluvial formations, which is separated from deep aquifer by a low permeable conglomerate unit. The deep aquifer was also found to be composed of limestone formation which is highly cavernous and possessing porous media. It was further found that the leachate movement and expansion was inhibited into the main semi-confined aquifer. Thus, the migration of pollutant to deep aquifers can only occur in the area where the surface flow flooding and severe rainfall takes place.
